The mechanisms of photocarrier transport through a barrier in the surface space−charge region (SCR) 
Introduction
Macroporous silicon fabricated by electrochemical etching occupies a special place among the 2D photonic crystals. This is associated with the possibility of manufacturing structures with the required geometry [1] and large effective surface area. Macroporous silicon is promising for use in the IR spectral range because of the optical absorption enhance− ment [2] . An additional advantage of this structure is its photo−electric properties. It should be noted that silicon is an extremely attractive material for integrated optics owing to compatibility with circuits including MOS structures.
Recently, there appeared the reports concerning photo− current flow as a result of light absorption by surface states in a ridge waveguide fabricated on the basis of a silicon− −dielectric photonic structure [3, 4] . Further works should reveal the source and mechanism of this photocurrent. According to the results of our research, the built−in electric fields on the macropore surfaces were found to depend on the macroporous silicon microstructure [5] , the sign of the main peak in electroreflectance spectra and the dependence of its amplitude on the static bias corresponding to forma− tion of inversion (Schottky) layers at the macropore sur− faces. In Ref. 6 , we determined that the increase in the macroporous silicon photosensitivity is due to the large macropore total surface and existence of the Shottky layer in the cylindrical macropore pre−surface. Photoconductivity is modulated by the surface barrier and Shottky layer thick− ness changed under the light illumination. The ratio bet− ween the macroporous and bulk silicon photoconductivities peaks at macropores spacing twice the Schottky layer thick− ness. In this work, the mechanisms of the photocarrier trans− port through a barrier in the SCR at the macropore surface have been studied experimentally and analyzed theoreti− cally. The temperature dependences of the photoconduc− tivity relaxation time and photo−emf in macroporous silicon structures have been studied at photon energies comparable to that of the silicon indirect band−to−band transition. An analysis has been carried out taking into account the tempe− rature dependences of the photoconductivity relaxation time and photo−emf in macroporous silicon structures as well as optical transitions via surface states close to the silicon conduction band.
Experimental procedure
The specimens to be studied were made of silicon wafers characterized by the [100] orientation and n−type of conduc− tivity (the electron concentration n 0 = 10 15 cm -3 ). We used the technique of electrochemical etching at illumination of the back side of a silicon substrate (thickness H = 400 -450 μm) [7] to form cylindrical macropores of the depth h p = 100-150 μm, diameter D p = 2-9 μm and concentration N p = (1-5)×10 6 cm -2 . The specific area of the macropores surface (per unit volume of macroporous silicon) was S P = (1800-4700)cm 2 /cm 3 (see Table 1 ).
The ohmic contacts "In/single−crystalline n−Si" and "In/macroporous n−Si" with a transient resistance of 4-10 W× cm 2 were fabricated by thermal deposition of indium in a planar 4−probe configuration and thermal annealing at a temperature T »400°C in the purified hydrogen atmo− sphere. The distance between contacts was 4 mm [8] , the four−probe configuration was used to monitor the dark con− centration of free charge carriers. Non−ohmic contacts "In/single−crystalline n−Si" and "In/macroporous n−Si" were fabricated in the same manner, but thermal annealing was carried out at T = 250-270°C.
The relaxation of photoconductivity in the macroporous and single−crystalline silicon was measured on condition that light hits the surface at a normal (parallel to cylindrical macropores), the contacts are screened, and the nonequili− brium charge carriers are pulse−excited making use of a GaAs laser diode (pulse duration of 40 ns, wavelength l = 0.88 μm). The laser pulse intensity at measurements was 10 16 photon/(cm 2 s). The temperature dependences of the photo−emf in macroporous silicon structures were measured in the open circuit mode and making use of two contacts, one of them being illuminated. For illumination, a GaP− −based light−emitting diode with l = 0.7 μm (the red spectral range) and IR light−emitting GaAs (l = 0.94 μm) and GaAlAs/GaAs (l = 0.95 μm) diodes were used. Influence of the photonic band gap (PBG) formation is excluding for investigated spectral range non−transparent for silicon. PBG for our structures may be measured far from investigated range at a wavelength higher than 9 μm.
Photoconductivity relaxation time in macroporous silicon structures
The photoconductivity relaxation in macroporous silicon ( Fig. 1 ) cannot be approximated by an exponential law. Fi− gure 2 (curves 1-3) shows the temperature dependences of the photoconductivity relaxation time t ef in macroporous silicon. Within T = 180-300 K (10 3 /T = 3.3-5.6 K -1 ), the t ef temperature dependence is of activation type, with the acti− vation energy of (0.30 ±0.1) eV. At T < 100 K, the t ef value becomes practically independent of the temperature. The temperature dependence of the relaxation time of photocon− ductivity in single−crystalline silicon (Fig. 2 , curve 4) corre− lates with that of the capture cross−section for a repulsive centre [9] . When analyzing photoconductivity relaxation in macro− porous silicon, one should take into account that the barrier height ej s decreases under illumination and increases dur− ing the process of photoconductivity relaxation. This phe− nomenon should result in a non−exponential character of relaxation ( Fig. 1 ) and in growth of the effective lifetime value as compared with that in single−crystalline silicon according to experimental results (Fig. 2) . The photocon− ductivity relaxation is controlled by the nonequilibrium
The quantity j r (t) (a recombination flux through the macroporous surface) is determined from the current−volt− age characteristics of a surface barrier provided that the cir− cuit is open 
Here J s is the saturation current surface density, b is the ideality factor of current−voltage characteristics, and Dy t s ( ) is the change in the dimensionless surface potential y s = ej s /kT after illumination. By substituting Eq. (2) 
Here, L D is the Debye shielding length, and y 0 = ej s0 /kT is the dimensionless equilibrium band bending on the macropore surface. The value of the effective photoconduc− tivity relaxation time t ef that is required to reduce the photo− conductivity by half is determined from the equation 
Within the range of high enough temperatures, where the thermionic emission mechanism of current flow domi− nates (b = 1), the quantity t r~e xp[E g -Dy s (t = 0)/kT], and t eff value grows exponentially as the temperature decreases. At low enough temperatures, when the tunnel mechanism of the current flow becomes dominant b = e T /kT, where e T is the characteristic tunnel energy. Therefore the ratio Dy s (t = 0)/b is equal to ln(J ph /J s ) where J ph is the surface density of photogeneration current and should not depend on temperature, if the quantity J s is temperature−independ− ent. That is why the lifetime of photocarriers t ef would be ei− ther independent or weakly dependent on the temperature in the low−temperature range if the tunnel mechanism of cur− rent dominates. Figure 2 (curve 5) shows the temperature dependence of the b factor which is obtained from Eq. (5) and the experimental data from Fig. 1 . The figure demon− strates that the dependence corresponds to the thermionic emission mechanism of current flow (b = 1) at T = 180-300 K and to the tunnel one (b > 2) at T < 100 K, by analogy with the experimental t ef temperature dependences.
Temperature dependence of surface photo-emf in macroporous silicon structures
The experimental and theoretical temperature dependences of the photo−emf in macroporous silicon in the range T = 77-300 K have been studied for photon energies compara− ble with that of the indirect band−to−band transition in sili− con (l = 0.7-0.95 μm). Figure 3 illustrates the experimental temperature dependences of the photo−emf generated in macroporous silicon at its excitation by red and IR light with wavelengths of 0.7, 0.94, and 0.95 μm and intensity of Here, I G is the surface photocurrent density, the first term in the right−hand side describes the recombination cur− rent density when the over−barrier mechanism of recombi− nation in the surface region and in the bulk dominates, the second term is the recombination current density in the sur− face SCR, and the third one is the density of the tunnel recombination current. The quantities I 01 , I 02 , and I 03 are the relevant saturated current densities. Figure 4 shows the theoretical temperature dependences of the photo−emf V 1 in macroporous silicon [curves 1 and 2 calculated from Eq. (6)] subjected to the light illumination with l = 0.7 μm, and the experimental data (curve 3) for specimen 5 from Table 1 . The temperature dependences of the intrinsic charge carrier concentration in silicon, n i (T) [11] , and the characteristic tunnelling energy e T were used for calculations [12] .
To explain the photo−emf sign change in macroporous silicon at low temperatures, we considered, along with the band−to−band light absorption, also optical transitions via surface electron states close to the conduction band. In this model, the surface band bending grows due to an increase in the negative charge at the semiconductor surface. Since the band−to−band light absorption in the semiconductor incre− ases with the growth of photon energy, the anomalous−sign photo−emf is not observed in macroporous silicon illumi− nated in the visible spectral range. In Refs. 13 and 14, the temperature dependence of the photo−emf in II-VI semi− conductors was studied. It was found that, when the photo−emf was excited by light with photon energy below the semiconductor bandgap, the photo−emf changed its sign at temperatures lower than 150 K. This means that the sur− face band bending does not decrease at the illumination as usual, but it increases. Reference 12 presents a theoretical model which allows one to explain the variation of the photo−emf sign by considering the tunnel recombination of equilibrium electrons in the bulk and nonequilibrium holes at the surface of semiconductor. The amplitude of the negative photo−emf is determined as follows
where the quantity (y s -y s0 ) is the surface band bending change after illumination. The temperature dependence of the photo−emf V 2 associated with photo−induced transitions between the valence band and the surface states can be derived by solving the neutrality equation for the surface states and the SCR [12] n n L n y 
where n t is the nonequilibrium electron concentration, n t 0 * is the degree of electron occupation of surface states in the ab− sence of illumination, L D is the Debye shielding length, N t is the concentration of surface states, g t is the probability of light absorption with participation of surface states, I is the intensity of illumination, n s and p s are, respectively, the electron and hole concentrations at the surface, C nt and C pt are, respectively, the coefficients of electron and hole trap− ping by the surface states, n 1t = n i exp(E t /kT) and p 1t = n i exp(−E t /kT) are the Shockley-Read factors for electrons and holes, respectively, and E t is the surface level depth with re− spect to the midgap energy. The quantity y s is determined from the solution of Eqs. (8) and (9) at the illumination, and y s0 from the solution of the same equations, but at I = 0. In Fig. 5 , the calculated dependences V 2 (T) from Eqs. (7)- (9) are presented. Here, the control parameter is the surface level depth E t . The figure demonstrates that the larger the E t value, the lower the temperature of the negative photo−emf appearance correlating with the degree of the surface state occupation by electrons. Since the value of n 1t is much higher than the concentration of electrons or holes at the surface in the range of room temperatures, a larger fraction of electrons transits into the conduction band (the transition scheme is illustrated in Fig. 6(a) . Afterwards, they are driven by an electric field from the semiconductor sur− face to the SCR. This case corresponds to the normal sign of the photo−emf. When the temperature drops down [see Fig. 6(b) ], the probability of the thermoactivated electron transition from the surface level into the conduction band becomes small. The electron concentration on the surface level increases as the temperature decreases. Accordingly, the surface band bending grows, and the photo−emf changes its sign.
In the general case, the energy of photons is higher than that of the indirect band−to−band transition in silicon, and both interband optical transitions and those via the surface states are observed. The higher the energy of photons, the higher the probability of interband transitions, whereas the contribution of optical transitions via the surface states to the photo−emf becomes rather small in this case. This situa− tion is realized in macroporous silicon under illumination with wavelength of 0.7 μm, when the photo−emf does not change its sign (Fig. 4) .
High density of surface states in macroporous silicon and a large area of the total macropore surface, which is two orders of magnitude larger than the area of silicon sur− face [8] , increase the contribution from optical transitions via the surface states. The experimental temperature de− pendences of the photo−emf (see Fig. 7 ) confirm this. For one macroporous silicon specimen, the photo−emf sign does not change at low temperatures, however, the corre− sponding photo−emf magnitude becomes extremely low. For another specimen, the photo−emf changes its sign at a temperature of about 130 K. It should be noted that the specific macropore surface in the second specimen is 1.3 times larger in comparison with the corresponding parame− ter of the first specimen (see Table 1 ). Therefore the total surface states concentration per unit volume of the macro− porous structure is higher.
Conclusions
The mechanisms of the photocarrier transport through a bar− rier in the SCR at the macropore surface in 2D macroporous silicon structures have been studied at photon energies com− parable to that of the indirect band−to−band transition in silicon.
The photoconductivity kinetics in macroporous silicon has been found experimentally to have a nonexponential relaxation law. Within the range of T = 180-300 K, the tem− perature dependence of the photoconductivity relaxation time has an activation character, with activation energy of 0.3 ±0.01 eV, and does not depend on temperature at T < 100 K. The character of the photoconductivity relaxation in macroporous silicon has been analyzed theoretically as de− pendent on the mechanism of current flow through the sub− surface SCR. The effective relaxation time of photocon− ductivity has been found to be controlled by the light modu− lation of the barrier on the macropore surfaces whereas the relaxation itself followed the logarithmic law.
The temperature dependence of the photoconductivity relaxation time is determined by the thermionic emission mechanism of the current flow through the subsurface SCR at T > 180 K, and by the tunnel processes of current flow below 100 K. In the last case, the tunnel probability, the photocarrier lifetime, and cross−section of photocarrier cap− ture do not depend on the temperature. The dimensionless y 0 value is about 12 at room temperature. This corresponds to the equilibrium surface band bending of about 0.31 eV and correlates with the data on the activation energy E a of the experimental temperature dependence of the photocarrier lifetime.
The photo−emf was found to become saturated or chan− ges its sign to negative at temperatures lower than 130 K owing to the light absorption due to optical transitions via surface states close to the silicon conduction band. In this case, the surface band bending increases due to the growth of a negative charge of the semiconductor surface. The equi− librium electrons in the bulk and photoexcited holes on the macropore surface recombine through the channel of multi− stage tunnel recombination between the conduction and valence bands.
